Origami-inspired fabrication presents an attractive platform for miniaturizing machines: thinner layers of folding material lead to smaller devices, provided that key functional aspects, such as conductivity, stiffness, and flexibility, are persevered. Here, we show origami fabrication at its ultimate limit by using 2D atomic membranes as a folding material. As a prototype, we bond graphene sheets to nanometer-thick layers of glass to make ultrathin bimorph actuators that bend to micrometer radii of curvature in response to small strain differentials. These strains are two orders of magnitude lower than the fracture threshold for the device, thus maintaining conductivity across the structure. By patterning 2-µm-thick rigid panels on top of bimorphs, we localize bending to the unpatterned regions to produce folds. Although the graphene bimorphs are only nanometers thick, they can lift these panels, the weight equivalent of a 500-nm-thick silicon chip. Using panels and bimorphs, we can scale down existing origami patterns to produce a wide range of machines. These machines change shape in fractions of a second when crossing a tunable pH threshold, showing that they sense their environments, respond, and perform useful functions on time and length scales comparable with microscale biological organisms. With the incorporation of electronic, photonic, and chemical payloads, these basic elements will become a powerful platform for robotics at the micrometer scale.
S elf-folding sheets have opened the door to creating complex 3D structures using planar fabrication techniques. Indeed, pioneering experiments have shown how to design self-folding in everything from polymers (1) (2) (3) (4) (5) (6) to shape-memory alloys (7) . Current state of the art enables self-folding of structures with upward of 100 folds (3), algorithms to map arbitrary 3D structures into 2D fold patterns (8) (9) (10) , and geometries approaching 100-nm features (7, 11) . Beyond static structures, recent work at the centimeter scale has enabled origami robots and mechanisms with broad and useful functions, including locomotion (10) and reprogrammable self-assembly (9) .
Here, we extend the conceptual framework of origami fabrication (1-5, 7, 12-17) to the nanoscale: we work with atomically thin sheets, defining the smallest possible size scale for selffolding actuation.
Atomically thin sheets of inorganic, hard materials are ideal for deployable small-scale origami machines, because they combine multiple functional properties into a single platform (18) (19) (20) . Hard materials are the standard in semiconductor fabrication, and thus, building our actuators around them offers a straightforward route to process integration with other nanotechnologies. Hard materials offer a range of electronic, optical, and chemical functionalities that are well-characterized and tunable. Finally, hard materials possess extreme thermal, chemical, and mechanical stability, assuring that the final devices will be robust to large temperature variations and caustic environments, resist unintended stretching deformations, and bend without creep or stress relaxation. Indeed, the actuators shown here operate in temperature ranges upward of 140 K and chemical environments spanning at least 13 orders of magnitude in acid concentration.
Our material platform, atomically thin hard material, brings opportunities to reduce origami structures by a factor of 10 without sacrificing key functional properties. Specifically, our actuators are capable of elastically deforming to micrometer-scale folds, producing large force outputs, and electrically linking elements across folds. Looking forward, the capacity to create a network of electrically interconnected actuators that produce sufficient force to support embedded electronics presents opportunities to move away from static origami structures and toward origami robotics at the micrometer scale.
Results
As our prototype design, we engineer graphene and a 2-nm-thick layer of silicon dioxide to function as a bending actuator ( Fig.  1 ). Within the class of hard materials, graphene stands out as an excellent choice, because it is extremely stiff and conductive but also, thin enough to bend to nanometer radii of curvature without fracture (21, 22) . Silicon dioxide has an elastic modulus comparable with graphene (80 and 1,000 GPa, respectively) and can be readily fabricated down to nanometer-thick layers. In fact, designing a bimorph for maximum force output, subject to the constraint of elastic response, identifies graphene and a hard, inorganic material, like silicon dioxide, as an optimal combination (SI Materials and Methods). Altogether, the stack's total thickness of 2 nm ( Fig. 1B ) means that it can bend down to ∼100-nm radii of curvature before the glass fractures (23) and the device fails. Put differently, strains of only 10 −4 are needed
Significance
We build origami machines the size of cells by folding them out of atomically thin paper. At the heart of our approach is an actuator technology made from graphene and a nanometerthick layer of glass. We use these actuators to fold 2D patterns into targeted 3D structures. The resulting machines are freely deployed in solutions, can change shape in fractions of a second, carry loads large enough to support embedded electronics, and can be fabricated en masse. This work opens the door to a generation of small machines for sensing, robotics, energy harvesting, and interacting with biological systems on the cellular level.
G r a p h e n e S i l i c o n D i o x i d e R i g i d p a n e l s A B C Fig. 1 . The basic structure of graphene-glass bimorphs is a sheet of graphene bound to a 2-nm-thick layer of glass (A). The bimorph bends when the glass is strained relative to the graphene. To restrict actuation to take place in specific regions, we pattern in thick pads of photoresist that prevent bending beneath them. The device can then fold and unfold in response to environmental changes. A key parameter in bimorph design is layer thickness: each layer must be of comparable rigidity for the device to bend efficiently. Our glass layers are fabricated to 2-nm thicknesses using atomiclayer deposition. EELS (B) reveals that the glass meets this target size (details are in Materials and Methods). During fabrication, the device is attached to the substrate by an aluminum release layer and consequently does not bend. When the release layer is etched away, the bimorphs fold to a specific angle set by the length of the bimorph between the two pads (C). After release, bimorph hinges behave elastically and will spring back to their rest position if loaded and released (Movies S1 and S2). (Magnification: 20×.)
to bend to 10 µm, two orders of magnitude below the fracture threshold for the bimorph.
To localize bending to take place in specific regions, thereby producing folds, we pattern, in specific places, rigid 2-µm-thick panels of photoresist ( Fig. 1 A and C) . These panels remain flat, because they are sufficiently rigid to restrict stretching and bending of the underlying bimorph. By pushing against bent hinges with a probe tip, we find that bimorph hinges are elastic and will spring back to their rest position when released (Fig. 1C ). Because of the high stiffness of both graphene and glass, the bimorphs can generate torques large enough to lift the panels, despite the fact that the panels are 1,000 times thicker (SI Materials and Methods).
Already, this simple joint shows that inorganic materials offer several key functional requirements for complex micrometerscale machines. Compared by weight, lifting the panel is equivalent to lifting 500 nm of silicon. This capacity illustrates that graphene-glass bimorphs can produce sufficient force to carry a wide range of payloads fabricated using conventional semiconductor techniques, including photonic structures (24), chemical or biological samples, or information processing technologies (25) . Moreover, we find that the graphene in the bimorph retains its unstrained electrical conduction properties when bending. We measure the conductivity across a bent graphene bimorph and gate the current passing through the device by applying a bias voltage to the surrounding electrolyte. Both the measured sheet resistance, ∼1 kΩ per square, and gating response are typical for unstrained graphene devices (26) ( Fig. S1 ). Indeed these results are expected, as the band structure of graphene does not change appreciably until the applied strains reach a few percentages (27, 28) . Altogether, these results show that inorganic materials, as typified by graphene-glass bimorphs, provide key functionalities when thin: they provide high force density actuation, maintain electronic functionality, and can be engineered to bend elastically at micrometer scales.
To build complex structures, we must be able to program how and when actuators fold. This goal requires characterizing how a given bimorph bends in response to different environmental stimuli. By design, the graphene-glass bimorph can bend in response to two different strain control mechanisms: temperature and electrolyte concentration.
Heating a bimorph causes the glass to expand relative to the graphene and bend the device. We show a graphene-glass bimorph held by a tungsten probe surrounded by water in Fig.  2A . We use a laser to locally heat the probe to temperatures on the order of 100 • C (Materials and Methods). The induced interlayer strain causes the bimorph to curl to radii of curvature in the range of 1-5 µm (Fig. 2B ). Converting the measured curvatures into strain (Materials and Methods), we find a linear thermal expansion coefficient mismatch best fit by 2 × 10 −6 /K, which is typical for bimorphs made from hard materials. Within this temperature range, the strain exerted on the bimorph never exceeds the fracture strain for either graphene (21) or glass (23), indicating that, if the surrounding water is not locally superheated, the water will evaporate before the device fails because of thermal strain.
Beyond thermal actuation, bimorphs can rapidly respond to the local electrolyte concentration because of an ion exchange reaction that takes place within the glass (29) (30) (31) . Dangling silicon-oxygen bonds can associate with either alkali metal or hydronium ions that diffuse in and out of the glass. If the attaching ion is larger than the size of the surrounding voids, a stress develops wherever an ion associates. For instance, potassium and hydronium are large and are known to swell glass. Conversely, smaller ions, like sodium and lithium, produce far less swelling. This mechanism is commonly used to produce chemically toughened glass (29) (30) (31) .
We show the behavior of a graphene-glass bimorph when the pH of its surrounding environment is raised from 2 to 10 in Fig. 2C . The bimorph starts curled in the acidic environment, In response, the glass swells relative to the graphene, and the bimorph coils into a helix with a curvature proportional to the temperature (B). In addition, graphene-glass bimorphs are responsive to pH. In this case, interlayer strain depends on the pH of the surrounding solution and transitions from a finite value to a flat state when a critical pH is exceeded (C). This transition is fully reversible and can be cycled numerous times with the same critical pH setting the unfolding transition. The thermal and chemical mechanisms can be controlled independently and sum together to determine the total strain state in the bimorph. Indeed, the interlayer strain at room temperature in B corresponds to the strain induced by electrolyte effects in C. but when the pH is raised above pH 9 by adding sodium hydroxide, it unrolls to a flat state. This process is fast (<1 s) and reversible: when the environment is rendered acidic again, the bimorph curls back into a coil. By varying temperature and pH independently, we find that the strain state in the bimorph is a linear combination of thermal stress and chemical stress: devices in basic solutions that start flat fold when heated. The two ions present in our experiment, sodium and hydronium, exchange with one another within the glass layer of the bimorph to produce the discrete transition in strain. The ratio of their concentrations in the glass is fixed by an equilibrium
. Thus, if enough sodium hydroxide is added to solution, the glass will eventually exchange the large hydronium ions for smaller sodium ions. Assuming that the bimorphs are swollen because of hydronium present in the glass, the strain in the bimorph will be given by (SI Materials and Methods)
where εm is the maximum strain that results when every dangling bond associated with a hydronium molecule. We show that this equation best fits the data with pK = 3.5 in Fig. 2 . This mechanism allows us to shift the pH transition point arbitrarily by independently adjusting the sodium concentration of the solution. For example, when the salt concentration is held at 1 M, the critical pH should shift from pH 9 to the equilibrium constant pK = 3.5. Indeed, when titrating bimorphs in 1 M sodium chloride by adding small volumes sodium hydroxide, the devices unfold at a new critical pH of 3 ± 1.
The data in Fig. 2 enable us to rationally design 2D material patterns that self-fold into targeted 3D structures. Given a set of environmental conditions, we map the corresponding radius of curvature to a target fold angle by varying the length of bimorph between the rigid panels. Since every bimorph bends the same way, the angle between two panels at a fold is proportional to length of the bimorph between them divided by the bimorph radius of curvature. By varying the span between hinges, we can program specific fold angles. We present a range of structures designed by this approach to self-assemble at room temperature in acidic environments (Fig. 3) . We can make polyhedra, including a 20-µm tetrahedron (Fig. 3A) and 50-µm cubes (Fig. 3F ). We are able to build helices with programmable pitches ( Fig. 3 B  and C) . We can also fold two faces on top of each other and clasp them shut with five interdigitated latches: three on one face and two on the other (Fig. 3D ).
Using mathematical constraints from rigid origami design, we can make structures where folds take on positive or negative curvature. For instance, at a fourfold vertex, at most, three folds can be bent upward: the fourth must bend downward if the pads are sufficiently rigid (Fig. 3E, Right) . We can program which bimorph bends downward by removing material along the width of one hinge (Fig. 3E, Left) . In this case, the lowest energy state for the system as a whole is to bend this slender bimorph downward against its preferred folding direction (14) . We use this scheme to realize the Muira fold, a foundational fourfold vertex used heavily in origami structures, robotics, and metamaterials at the macroscale (3, 10, 12) ( Fig.  3E, Center) .
All of these structures are capable of fast and reversible folding through the pH actuation mode. We show what happens when a concentrated drop of sodium hydroxide is dripped on top of a folded 20-µm tetrahedron in Fig. 4A . The tetrahedron springs open, returning to the flat state in approximately 100 ms. This high-speed motion is a unique feature of working with thin films: for bimorphs driven using either thermal effects or chemical diffusion, response times scale with the square of the layer thickness. For a given material, moving from micrometer-to nanometer-thick films speeds up actuation 1 million-fold. When a drop of acid is added to neutralize the base, the box refolds (Fig. 4B) . The process can be repeated multiple times (Movies S1 and S2). 
Discussion
The tetrahedron presented in Fig. 4 displays the fundamental characteristics of an autonomous machine: in response to a stimulus, it consumes energy from its local surroundings to perform useful work. In this case, the tetrahedron converts changes in the environmental chemical potential into mechanical energy. Moreover, it achieves this goal autonomously, executing a preprogramed response to local changes in its chemical environment.
Moving beyond this proof of concept toward more complex cell-sized machines requires overcoming several challenges. At a fabrication level, work must be done to improve the device yield (typically 10-20% here) and to develop specific processing techniques that seamlessly link nanoscale origami to photonic, chemical, and electronic technologies. At the level of origami systems, future work must develop new actuation schemes to achieve bidirectional folding without leveraging origami constraints, mechanisms to produce sequential folds, and scalable approaches to convert origami fold patterns to fabrication instructions that can be used to construct devices in the cleanroom.
If these challenges can be met, then atomically thin origami presents a route toward micrometer-sized robotics systems comparable in size and speed with microorganisms. For example, the tetrahedron in Fig. 4 fits within a 12-µm radius sphere, making it three times larger than a red blood cell and three times smaller than a large neuron. It senses changes in local electrolyte content in 100 ms, comparable with the timescale that cardiac cells will elevate their membrane potential when triggered. The mechanical stiffness of our bimorph device, ∼10 −5 N/m, is comparable in magnitude with the shear and bulk stiffness in cells (32) , and the large deflections that our devices can achieve should enable graphene bimorph to locally deform cells to strains on the order of 100%. Finally, graphene, glass, and SU8 polymer are all biocompatible materials that pose no intrinsic toxicity toward cells. Altogether, atomic membrane origami can be used to create a unique class of machines that interact with cells without posing intrinsic chemical or mechanical hazards. Developing additional bimorphs around other hard materials can broaden these capabilities. Each combination presents distinct functionalities and sensitivities, while the chemical, thermal, and mechanical stabilities of the resulting devices greatly exceed the tolerances needed to interface with organic biological systems.
As a platform for microelectronics, the devices depicted in Fig.  3 could carry the key components for computation, sensing, and communication. For example, with 50-nm feature lithography, a full version of the Intel 4004 microprocessor could be assembled to fit within one face of the tetrahedron in Fig. 3A (33) . Extrapolating from current commercial memory storage, ∼30 Mbits of memory could fit on another of the tetrahedron's panels. A fully functional radio frequency identification chip with 128 bits of addressable memory could fit on one panel of the cube depicted in Fig. 3F (34) . Moreover, all of these technologies could be integrated with our current fabrication protocol by leveraging advances in chip-bonding and flexible electronics. Ultimately, the size and speed of these devices when combined with the capacity for information processing would present an incredible platform to measure and manipulate matter with precise control on the cellular scale.
Materials and Methods
Bimorph Fabrication. We deposit a release layer onto a clean 170-µm-thick fused silica coverslip. The layers are made from either thermally evaporated aluminum (50-to 250-nm thick) or atomic layer-deposited aluminum oxide (10-nm thick). Next, we use plasma-enhanced atomic-layer deposition at 200 • C to grow 2-nm-thick layers of silicon dioxide. We transfer graphene on top of this stack by wet transferring graphene grown on copper foils. All of the devices are fabricated using polycrystalline graphene grown by chemical vapor deposition (ACS Material), with typical grain sizes ranging from 1 to 5 µm. We spin 4% poly(methyl methacrylate) (PMMA) on top of the graphene-copper foil, etch the copper with ferric chloride (Transene CE200), rinse the graphene through four baths of deionized water, and transfer it on top of the silica-coated substrates. We then remove the PMMA with an overnight soak in acetone. We pattern devices with photolithography techniques and remove unwanted material with plasma etching. Oxygen plasma is used to etch graphene, while carbon tetrafluoride (CF4) plasma is used to etch glass. Finally, we release devices by etching away the aluminum in a solution of 10:1 deionized water:HCl. Fig. S4 shows a schematic of our fabrication instructions.
Panel Fabrication. We create panels by spinning SU8 2002 photoresist and soft baking for 1 min at 65 • C followed by 1 min at 95 • C. We expose the resist through a 365-nm filter to a total dosage of 180 mJ/cm 2 at a wavelength of 356 nm. Next, we hard bake the resist for 1 min at 65 • C followed by 2 min at 95 • C. We develop in SU8 Developer for 1 min, rinse in isopropyl alcohol, and then, rinse in water. Finally, we anneal the panels by ramping devices on a hot plate from 95 • C to 150 • C, holding for 5 min, and cooling the hot plate to ambient.
Characterization of Graphene Grain Structure. The graphene used in the fabrication of our devices was characterized using dark-field EM. Graphene was wet-transferred to 10-nm silicon nitride membranes with 100-µm square windows. Centered dark-field imaging was performed in an FEI Spirit transmission electron microscope (TEM) at 80 keV. A small aperture was placed in the center of the diffraction plane of the microscope, and each diffraction spot was steered through the aperture. Images included in SI Materials and Methods are taken from each set of diffraction spots and combined into a composite image. Acquisition times are on the order of 20 s. Domain sizes obtained from these measurements are on the order of a few micrometers.
Characterization of Silicon Dioxide Film Thickness.
Samples for crosssectional scanning transmission EM (STEM) and electron energy loss spectroscopy (EELS) were prepared using focused ion beam (FIB) milling in an FEI Strata dual-beam FIB. To protect samples during this procedure, they were fabricated identically to graphene-glass bimorphs but with the addition of a metal cap (Ti; 50 nm) evaporated on top of the layers under study. Thin lamina were milled from the substrate and attached to a micromanipulator probe. The probe was then brought near a TEM grid, and the lamina was transferred from the probe to the grid. The sample was further thinned with a low-energy ion beam at grazing incidence. STEM and EELS were performed in an FEI Titan Themis STEM at 120 keV. The beam convergence angle was 30 mrad, with a probe current of ∼15 pA. The EELS spectrum and images were acquired with an energy dispersion of 0.25 eV per channel using a Gatan Quefina dual-EELS spectrometer. A linear combination of power laws was used to fit and subtract the background. The EELS false color composition map was created by integrating the silicon L 2, 3 edge, the aluminum L 2, 3 edge, and the carbon K edge. All of the EELS analyses were done with open source Cornell Spectrum Imager software. Images are included in SI Materials and Methods. As the sample is viewed in crosssection, the apparent layer width of a conformal layer is the true layer width blurred with the projected roughness from the substrate; thus, the imaged layer thickness should be viewed as an upper bound.
Thermal Measurements of Bimorph Strain.
In our experiments, we use a 1,064-nm laser to locally heat the water around a bimorph. This allows us to superheat the water and achieve temperatures above 100 • C. To characterize the bimorph response, we first measured the curvature of a bimorph as a function of the incident laser power. Next, we heated bimorphs using a temperature-controlled microscope stage to 65 • C. We assume that the change in temperature caused by laser heating is proportional to incident laser power, and by identifying the power setting that leads to the same change in curvature as in the global heating experiments, we are able to produce a conversion factor between incident power and temperature.
Electrical Characterization of Graphene SiO 2 Bimorphs. To measure their electrical properties, we pattern bimorphs into partially released u-shaped geometries (images are in SI Materials and Methods). We place two probes onto the device, such that current must pass through the bent portion of the device to complete a circuit. Electrical contact to the devices was made with parylene-coated tungsten microprobes to minimize leakage current through the electrolyte. A dc source-drain bias of 100 mV was applied to the sample with a Yokogawa 7651 voltage source, and the drain current was collected with an Ithaco 1211 current preamplifier. The solution was gated with a silver/silver-chloride electrode.
